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A new continuous perfusion cell culture chip is studied that 
utilizes electroosmotic pumping to control fluid flow. 
Electroosmotic flow is not typically used for living cells due to 
the inherently high electric fields that may harm cells. Problems 
associated with EOF and cells are solved by incorporating 
electroosmotic pumps (EO pumps) which generate an induced 
pressure driven flow in regions with cells. Several advantages 
of EO pumps include pulse free flow, quick flow control and 
precise movement of minute volumes of fluid. An ion exchange 
system consisting of photopolymerized salt bridges are used to 
separate the media from the electrode reservoirs. However, the 
high salt concentration in cell culture medium creates 
significant problems for EO pumps such as decreased flow rate 
due to low zeta potential, increased electrolysis due to high 
current draw, significant joule heating, bubble formation and 
polarization. Attempts to solve these problems with the 
proposed microfluidic chip are discussed. The pumps are 
characterized to determine the flow rate for applied currents. 
Preliminary results with rainbow trout gill cells show that pump 
can be operated for 5hrs without harming the cells. The work 
presented here discusses the design and development of the 




Recently there has been increasing interest from the medical, 
pharmaceutical and biomedical communities to apply 
microfluidic devices for culturing cells [1-4]. In traditional 
static culture systems cells are isolated in a cell culture flask 
with medium and placed in an incubator are unable to 
successfully simulate the in vivo microenvironment that cell 
communities form in tissues. In contrast, continuous perfusion 
microfluidic devices have the ability to recreate this 
microenvironment and offer the advantages of increased fluid  
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reagents, continuous monitoring of cells and the potential for 
scalable and massively parallel experiments. To date several 
microfluidic perfusion culture systems have been developed; 
however, most rely on external fluid control from off-chip 
valves and pumps.  
 
There are two commonly used pumping methods for 
microfluidic chips which are pressure driven flow and 
electroosmotic flow (EOF). Most microfluidic chips for cell 
culture applications used pressure driven flow as a major 
pumping method. Typically, syringe pumps are used to provide 
a single source of flow [1-3]. Kim et al., demonstrated 
logarithmic scaled flow rates in the culture of mESC cells using 
a single syringe pump [1]. The flow rate to each cell chamber 
was fixed by the relative hydrodynamic resistance of the 
channels. Futai et al. utilized a Braille display with PDMS to 
valve and pump medium continuously during cell culture [4]. 
Although pressure driven flow has been successfully applied in 
this area, it has some shortcomings. First, in the applications 
which require multiple media to be supplied with independent 
control, pressure driven pumping needs multiple syringe pumps 
to operate. Secondly, pressure driven flow from a syringe pump 
tends to have a longer delay time between switching flow rates 
and valving especially in elastomeric materials such as PDMS.  
 
EOF pumping is a compact method of pumping fluids in 
microfluidic chips where flow rate and direction can be 
accurately controlled by simply manipulating applied voltages 
at the reservoirs. In fact, Shackman et al. used EOF flow to 
sample the perfusate and perform an immunoassay for real time 
monitoring of insulin secretion while culturing Langerhans [5]. 
However, EOF pumping has several limitations for cell culture 
[6, 7]. First and for most, a high electrical field may not pass 
through the cell culture chamber as it may affect cell growth or 
even destroy the cells. In addition, joule heating and the high 1 Copyright © 2007 by ASME 
e: http://www.asme.org/about-asme/terms-of-use
Doshear stress applied to attached cells are also problems. 
Consequently, standard EOF pumping which applies an 
electrical field directly through the working liquid can not be 
applied for cell culture applications These problems can be 
solved by utilizing the advantages of EOF in electroosmotic 
pumps (EO pumps) which generates an induced pressure driven 
flow from EOF flow [8-10] For example, Takamura et al. [9] 
reported an integrated EO pump which utilizes a gel salt bridge 
ion exchange system to induced pressure driven flow in the 
downstream channel. EO pumps provide pulse free flow, almost 
instant flow control, and precise movement of minute volumes 
of fluid (µL-pL). The integration of internal pumps onto the 
chip also opens up the possibility of multi-fluid control on the 
chip without valves. In this study to EO pumps are used to 
avoid passing the electric field through cells while maintaining 
the advantages of EOF flow control. 
 
The efficiency of an EO pump is largely tied to the working 
fluid. Cell culture solutions are saline based and the high ion 
concentration (ex. NaCl 0.1M) magnify problems associated 
with EO pumps: 1. significant joule heating due to the high 
electrical conductivity of the solution, 2. reduced pumping rate 
due to the low zeta potential of the liquid/surface interface 
which requires higher applied voltages, and 3. large amounts of 
electrolysis which changes pH, reduces stability and long term 
operation of the pump 4. Polarization and bubble formation 
causing instability while running in constant voltage mode 
[8,10]. All the challenges discussed above are coupled together 
during experiments making the evaluation of EO pumps in cell 
culture even more difficult. However, considering the 
advantages that integrated EO pumps may offer it is worthwhile 
to explore methods resolving and/or minimizing the above 
mentioned problems. In this study, efforts have been made to 
explore the possibility of integrating EO pumps on chip. 




Principals of EO Pumps 
 
Consider the simplified schematic of an EO pump shown in 
figure 1.  An electric field is applied in a limited region of the 
pump generating EOF flow (channel 2). Membranes connect the 
electrode reservoirs to the fluid flow completing the electric 
circuit but preventing flow to the electrodes. Due to continuity 
an internal pressure is generated that pumps the fluid outside the 
EOF region; a vacuum pressure draws the fluid into channel 1 
and a positive pressure drives the fluid through channel 3. The 
fluid flow in channel 2 is actually a combination of EOF flow 
and back pressure flow.  By placing the cell chamber in the inlet 
region (channel 1) the electric field will be separated from the 
cells. As well, the medium will first flow over the cells and 
through the EO pump eliminating any changes in the medium as 
it experiences EOF.   
 
 
wnloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of U 
 
 
Figure 1. Schematic used to describe the operating principals of 
an EO pump. 
 
Applying a simple 1-D flow network analysis to the system the 




































=  (2) 
 
where Re is the electroosmotic resistance of the channel, Rp the 
hydrodynamic resistance, L is the length of the channel, w the 
width and h the height, µe  the electroosmotic mobility and µ the 
viscosity.  To achieve a high flow rate for low voltages the EOF 
flow carrying channel must have a high hydraulic resistance 
compared to the inlet and outlet channels (Ch1, Ch3) but a low 
electroosmotic resistance. This is accomplished by designing an 
EOF flow region that is short, wide and very shallow. Liquids 
with low electrical conductivity and high electroosmotic 
mobility are most efficient in EO pumps. 
 
Microfluidic Network Design 
 
Figure 2 shows a schematic of the microfluidic device 
developed for this study aiming to minimize the negative effects 
resulting from the above-mentioned problems. Each cell 
chambers are connected in series with an EO pump. Each EO 
pump consists of a region of 35 parallel channels (2.78µm H x 
100µm W x 1 mm L) that carries the electric field. A series of 
integrated gel salt bridges [9] provide an electrical contact 
between the Pt electrodes in the reservoirs and the working fluid 
in the channels. The gel salt bridge separates the Pt electrodes 
and the working liquid minimizes electrolysis effects, which 
may change the pH value of the working liquid [12,13]. In 
addition, the fluid can be pumped in either direction by simply 
changing the direction of the electrical field.   
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Figure 2. A) Schematic of the microfluidic network of the chip. 
The possible operation modes (B) EO pump operation only (C) 
main flow from another pressure driven source and flow 
diversion with EO pumps (D) injection of fluid into the main 
stream using EO pumps. 
 
The shallow channels of the EOF region serve to suppress 
external pressure driven flow from liquid level differences and 
meniscus differences (Laplace pressure) in the exit pump 
reservoir (R4,R5) and the cell chamber (R2,R3) [14]. Similarly, 
the channel connecting the two cell chambers is also of high 
resistance to prevent cross flow between the low resistance 
chambers (R1,R2,R3).  
 
Another attracting feature about this design is that the chip can 
run in several configurations (refer to figure 2). The first 
configuration is to run the chip using only the EOF pumps 
(figure 2.B). In this case, the EO pumps are used to draw the 
fluid from reservoirs 2 and 3 over the cells in the chamber (flow 
is from R2  R4, R3 R5). Placement of the pump 
downstream from the cells avoids the fluid passing first through 
the pump and then the cells. As well, the electrode near the cell 
chamber would be GND and the other a negative voltage (V), in 
this way the cells do not experience a high voltage. In the 
second configuration (see figure 2.C) flow from a pressure 
driven source such as a syringe pump provides constant flow 
over the cells (R1R4, R1R5). The EO pumps operating in 
the same manner as before would divert the flow going to the  
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syringe pump and transported in channel 1, without turning the 
pumps on the flow will split evenly between channels 2 and 3 
(1µL/min). There is little flow through the EO pumps due to the 
high hydrodynamic resistance of the 35 microchannels. 
However, if the EO pumps are operating in the same manner as 
configuration 1 flow will be diverted away from the cell 
chamber and down the EO pump channels. This provides the 
possibility of dynamically regulating flow to the cells from a 
syringe pump without the need for integrated valves.  The third 
configuration (see figure 2.D) is to run the EO pumps in the 
opposite direction to dispense small amounts of fluid into the 
stream; for example a discrete amount of steroid. At this point 
the focus has been limited to configuration 1. 




PDMS molds of the multi-level microchannel design were 
fabricated using standard soft-lithography techniques [15,16]. 
The silicon master contains microchannel structures at three 
different heights. Masks for the photolithography process were 
designed in AutoCAD and printed on transparency film using a 
high resolution printer (CAD/Art Services). A 4” virgin silicon 
wafer was dehydrated at 200°C for 10 min and then allowed to 
cool to room temperature. A 5µm Su-8 layer (Su-8 2005, 
Microchem) was then spun coated to promote adhesion of 
subsequent structures. This layer was soft baked, then flood 
exposed (UV exposure system, Newport) to cross link the entire 
layer followed by a post bake. Afterwards a 2.7µm layer of Su-8 
2002 was spun coated, softbaked and exposed using the first 
mask. Following post exposure bake, the second layer of Su-8 
2002 was spun coated and exposed using a second mask. 
Aligning of masks was achieved using markers within the lower 
design and the current mask. The final layer was then spun 
coated using Su-8 2025 and exposed using the third mask. After 
post exposure bake of the final layer the wafer was allowed to 
cool down slowly to reduce cracking in the microchannels (3 
min @ 65
o
C, 3 min @ 50
o
C). The master was then developed in 
Su-8 developer (Microchem) for 10 minutes. Following 
development, the wafer was washed with isopropanol, DI water 
and then dried with nitrogen. Finally, to minimize adhesion of 
the PDMS wafer it was silanized for 30 min in a vacuum 
desiccator with trimethylchlorosilane (Sigma Aldrich) 
completing the master. 
 
PDMS (Sylgard 184, Dow Corning) was mixed in a ratio of 5:1 
base to curing agent and degassed for 30 minutes in a vacuum 
chamber. The liquid PDMS was poured on to the master and 
cured at 80°C for 12 hours to improve biocompatibility. Cured 
molds were cut out, trimmed and 2 mm holes were punched for 
fluidic access. To remove particles from the punching process 
the mold was thoroughly rinsed with DI and blown dry with 
nitrogen.  A microscope slide was then ultrasonic cleaned in 3 Copyright © 2007 by ASME 
se: http://www.asme.org/about-asme/terms-of-use
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washed with ethanol, blow dried and baked at 200°C for 10min. 
The slide and PDMS mold were then plasma treated (PDC-001, 
Harrick Plasma) for 50s and placed together to form an 
irreversible bond. 
  
Gel Salt Bridge Fabrication 
 
After bonding the chip was filled with a Bind Silane and treated 
with 0.4% (v,v) Bind-Silane (3-(trimethoxysilyl)propyl 
methacrylate, Sigma Aldrich)  solution containing 0.4% (v,v) 
acetic acid (ph 3.5) for 1 hr. The treatment promotes bonding 
between the polyacrylamide gel (PAA) and the PDMS 
microchannel wall [17,18].  As a precondition the plasma 
treatment is required to bond the Bind-Silane to PDMS through 
the exposed silanol groups. The Bind-Silane participates in the 
PAA reaction and creates a bond between the PAA gel and 
PDMS/glass. The treatment increases the mechanical stability 
of the gel and eliminates voids between the gel and 
microchannel wall.  
 
Immediately after treatment a solution of 18% acrylamide, 3% 
N-methylenebisacrylamide and 3% 2-dimethoxy-2-
phenylacetophenone (Sigma Aldrich) in isopropanol (IPA) was 
flushed through the chip [9,18].  The regions for the gel were 
then masked off with tape and exposed with a mercury burner 
(Olympus U-LH100HG) through a 20x objective lens (GX-71, 
Olympus). The polymerization was monitored in situ with a 
CCD camera (CoolSNAP ES, Photometrics). Each gel salt 
bridge area would be fabricated individually; the total time for 
exposing one chip was 10 minutes.  A photograph of an 




Figure 3. Gel salt bridge integrated into the chip using a 
photopolymerization technique. PDMS posts in the mold help 
anchor the gel when exposed to high pressure differentials.  
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using a syringe pump (11 Plus Dual Syringe Pump, Harvard 
Apparatus) to remove residual monomer. The syringe pump was 
connected to the chip by force fitting of specialized connectors 
between the PDMS and tubing (5114TT-B, Engineered Fluid 
Dispensing). A total of 1mL (~200 channel volumes) of IPA 
solution was pumped at 20uL/min. The chip was subsequently 
flushed at 10uL/min with 0.5% NaOH solution to recharge the 
surface and help in the removal of residual Bind-Silane [8] 
followed by flushing with ultra pure water to swell the gel. 
Therefore, the total amount of liquid flushed through the system 




Figure 4. Photograph of the complete chip with Luer 
connectors. Syringe filters (0.2µm pore) are attached to keep 
the chip sterile and to demonstrate connection with standard 
medical components. 
 
Modified female Luer type connectors (McMaster-Carr) are 
then attached to the PDMS with silicone sealant. The Luer style 
connectors allow for the direct connection of many medical and 
chemical components such as syringes, tubing and filters and 
are an inexpensive alternative to commercial nano-flow 
connectors. Matching male caps were attached to seal the chip 
during transport and to prevent evaporation. Figure 4 shows a 




RT-gill W1 cell line [19] was initiated from primary cultures of 
rainbow trout gill cells maintained in L-15 (Sigma Aldrich) 
medium supplemented with 10% fetal bovine serum. Cells were 
maintained in non-vented flask at room temperature (22 °C) and 
passaged when 90% confluent. At the time of publication the 
RT-gill W1 cells had been passaged over 85 times. Gill cells 
also showed survival in lower salt conditions (50% nominal) 
and do not require incubation or CO2 regulation and are thus 
easier to handle in this preliminary investigation. 
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DownPerfusion Experimental Setup 
 
Prior to performing experiments with cells a solution of Poly-D-
lysine hydrobromide 0.1% (w/v) (P7280, Sigma Aldrich) was 
flushed through the chip for 15 minutes to promote cell 
attachment. The chip was then flushed with L-15 medium and 
placed under a germicidal lamp (UVP) to sterilize the chip. 
Other components were sterilized either through autoclave or 
gamma irradiation. Flushing the chip was 70% ethanol was 
attempted but it resulted in significant shrinking and detachment 




Figure 5. Detachment of the PAA gel from the channel due to 
shrink caused by contact with 70% Ethanol.  
 
A cells-in-media suspension was made and the number of cells 





. The cell suspension was then loaded into the 
reservoir connecting to the cell chamber under a bio hood. A 
0.2µm syringe filter was placed at all exposed reservoirs. A 
1mL air filled syringe was connected to the cell chamber 
reservoir and the cells were loaded by hand while visualizing 
cell movement with a phase contrast microscope. Once the cells 
had completely filled the cell chamber the syringe was removed. 
The cells were allowed to attach in a static environment for 12 
hours before flushing out excess cells. 
 
Under a biohood the remaining fluidic components were then 
attached to the chip. Inlet and outlets of the EMOB pump were 
connected via tubing to custom made bottles to maintain a 
sterile environment outside the biohood. These bottles have 
0.2µm syringe filters attached to the atmospheric outlets so as to 
maintain a sterile environemnt while allowing for atmospheric 
pressure in the bottle. The bottles are also large (30mL) so that 
during the experiment there is little change in liquid level 
between the inlet and outlet. Extended reservoirs are then 
attached to the electrode reservoirs and filled with a buffer 
solution containing BufferAll, 2ug/L NahCO3 which is titrated 
to pH 7 with 0.1M NaOh (Sigma Aldrich). The perfusion 
medium is a solution of L15-ex (136mM NaCl, 5mM KCl, 
1.6mM MgSO4, 2.1mM MgCl2 , 1.26mM CaCl2, 1.3mM  





Figure 6. Experimental setup of the chip for performing cell 
tests. Tubing is connected using a drip method to decrease the 
chance of bubbles entering the tube.  
 
In the case of purely pressure driven flow from the syringe 
pump a connection is made with the inlet of the cell chamber. 
The outlet is connected to a bottle reservoir. The complete chip 
is then placed in a custorm made acrylic holder with an 
electrical ciruit connecting to a high voltage sequencer 
(HVS448, Labsmith). Platinum electrodes were placed in the 
electrode reservoirs and the current and voltage were monitored 
with the sequencer program. A picture of the complete 
experimental setup is presented in figure 6. 
 
RESULTS AND DISSCUSSION 
 
Measuring microfluidic channel heights 
 
The uniformity of the channel features and the information of 
the actual channel height are very important for reliable 
operation of EOF pumping, therefore, these parameters were 
experimentally measured and used in pump design and 
operation. The dimensions of the channels on the silicon wafer 
were measured with a profilometer (SJ-400, Mitutoyo). The 
mean channel heights recorded are 2.78µm (0.2 S.D, n=6), 
5.5µm (0.3 S.D, n=6) and 80.2µm (2.0 SD, n=10). 
 
Visualization of Flow and Characterization of Flow Rates 
 
In order to validate that the miniaturized and integrated EOF 
pump, the flow in the channel was visualized by adding 0.2µm 
fluorescent beads to the working fluid (Fluoresbrite YG, 
Molecular Probes). The bead motion was monitored using a 
microscope (GX-71, Olympus) and CCD camera (CoolSNAP 
ES, Photometrics). A commercial software package (Image Pro-
Plus, Photometrics) was used to capture the bead motion and to 
perform post-image processing. Five successive images were 5 Copyright © 2007 by ASME 
e: http://www.asme.org/about-asme/terms-of-use
Dowtaken at the mid channel height in a location where there was 
only pressure driven flow.  The maximum velocity of a number 
of beads was calculated using the tracking option in the 
software and this process was repeated for several sets of 
images. This velocity represents the centerline flow velocity and 
was used to estimate the flow rate through the equation for 
Poiseulle flow between parallel plates. The pump was 
characterized by measuring the flow rate for several applied 
currents (figure 7). Constant current operation is preferred since 
bubbles and polarization will cause fluctuations in the applied 
























Figure 7. Experimental data of the flow rate vs. current I for the 
EO pumps using L15ex and BufferAll. The flow rate is 
proportional with the current as expected indicating no 
significant joule heating. 
 
Flow Rate Improvements 
 
As mention before, the main difficulty with applying EOF 
pumps to cell culture solutions is the high salt content 
(~100mM NaCl for example) they typically contain. The high 
concentration has double negative effects in increasing the 
electrical conductivity and lowering the zeta potential. Due to 
the low zeta potential, higher electric fields are required to 
pump the fluid which in turn results in larger currents that 
contribute to joule heating in the channel and electrolysis at the 
electrodes. Therefore, many efforts have been made in this 
study to maximize the amount of flow rate for the given 
medium (L15-ex). First, attention was paid to the design of the 
EO pumps to maximize the flow rate. This was accomplished 
by fabricating 35 parallel channels that produce a large 
hydrodynamic resistance but a lower electroosmotic resistance. 
 
Second, surface modifications have been attempted to improve 
the zeta potential of the pair of liquid/solid interface and thus 
the flow rate [20,21]. In this case HEMA treatment of the 
PDMS was used. Specifically, after plasma treatment and 
PDMS bonding, HEMA solution (poly(2-hydroxyethyl 
methacrylate), Sigma Aldrich) was infused into the channel.  
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for 1.5 hrs.  After DI water was flushed copiously to remove the 
HEMA solution and the channel was dried at 45C. The Zeta 
potential measurements were performed using the current 
monitoring method with a modified Y-channel design [21]. Both 
PDMS/PDMS chips as well as PDMS/glass chips were used. 
Results from the zeta potential measurements were incorporated 
in the selection of the design of the EO pumps. Table 1 
summarizes the measurements for L15ex under several 
conditions.  Reducing the salt content by 50% decreases the 
electrical conductivity and increases the zeta potential by almost 
the same amount. Therefore, there is approximately a 4 times 
improvement of pump performance by using the lower salt 
solution. Also, the addition of fetal bovine serum (FBS) results 
in a great reduction of zeta potential (iii,iv). At elevated 
temperatures the zeta potential increases slightly (iv). The 
HEMA treatment produces little improvement in the zeta 
potential but keeps the PDMS hydrophilic for much longer 
periods of time after plasma treatment (v). 
 









 P/G -10.2 
L15ex 10%FBS 
(iv)
 P/G -14.3 
L-15ex 
(v)
 HEMA  P/P -21.1 
 
Table 1: Results of current monitoring experiments for: (i) L-
15ex at 21 
o
C, PDMS/PDMS channel, (ii) 50 % L-15ex at 24.4 
o
C, PDMS/PDMS channel, (iii)  L15ex with 10%FBS at 24.3 
o
C, PDMS/glass, (iv) L15ex 10%FBS at 45 
o
C , PDMS/glass, 
and (v) L-15ex at 20.4 
o




Electrolysis and fluctuating pH value problems have been 
reduced by using well buffered solution and large reservoirs 
(2mL) for the EOF pump reservoirs. The large volume of the 
fluid is required to absorb the electrolysis affects and limit the 





    (2) 
where, F is Faradays constant, vres is the reservoir volume 
(2mL), I is the electric current (500µA)  and c the buffer 
concentration (100mM). With these values the depletion time is 
approximately 10.7 hrs which is lower than convention 
perfusion times (1-7 days). Once the buffer is depleted 
significant changes in pH will occur at the reservoirs resulting 
in changes to the zeta potential and flow. Therefore, the buffer 
in the chip needs to be replaced prior to this time and this limits 
the continuous operation of the chip. One possible method of 6 Copyright © 2007 by ASME 
e: http://www.asme.org/about-asme/terms-of-use
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the buffer is to use ion selective membranes rather than gel salt 
bridges. Brask et. al. reported that the use of anion exchange 
membranes prevented the transport of H
+
 ions that can change 
the zeta potential greatly extending the operation of the pump. 
However, through investigation, it has been found integrating 
commercial ion exchange membranes into PDMS chips can be 
difficult due to swelling of the membrane and the flexibility of 
the PDMS.  Further investigation into different buffers would 
also be beneficial. In a typical experiment, the pH will change 
from an initial value of 7 to a pH = 6.5 and pH = 8 in the anode 
and cathode reservoir, respectively, after 5 hours of operation. 
In addition, the pH is monitored at the inlet and outlet of the 
chip. The inlet of the chip experiences no change in pH after 
long-term pumping. On the other hand, the outlet can 
experience changes of pH from pH=7 to pH = 7.4 after 
pumping. This indicates that there is some species transport 
between the buffer in the electrode reservoirs and the working 
fluid. This may be caused by several possible modes of 
transport through the gel including leakage of the buffer around 
the gel, electroosmotic flow of the buffer through the gel, or 




Joule heating can be reduced by using a narrow but wide EOF 
pumping region so as to decrease the current density; however, 
this will always be an issue unless higher zeta potentials can be 
achieved.  A forced convection cooling (i.e. a fan) is a simple 
option to reduce joule heating effects, particularly for long-time 
operation purposes. 
 
Cell Culture Experiments with EO Pump 
 
For cell culture purposes, seeding cells at the chip surface and 
supplying medium to the seeded cells while keeping them alive 
is the first step. Since the goal of this study is to explore the 
possibilities of utilizing EO pumps for cell culture benefiting 
perfusion with EO pumps have been tested preliminarily 
(configuration 1). Cells were first seeded onto the chips surface 
and the EO pump was used set at 300uA (~0.5µL/min). Images 
of the cells before and after EO pumping for 5 hours are shown 
in figure 8. Figure 8b) shows the seeded cells are still alive after 
this time period demonstrating that the EO pump can provide 
continuous flow for an extend period of time, however, this is 
still less than the perfusion time required for cell culture (1-7 
days). This also shows that a relatively stable cell culture 
environment was provided over this period, which validates 
that: i) this design has successfully eliminated the risk of 
passing electrical field through the cells, ii) electrolysis effect 
has been suppressed significantly iii) no bubbles were formed.   




Figure 8. Images from experiments with EO pump and gill cells. 
(a) image of seeded cells prior to EO pump flow (b) image of 




The feasibility of integration on-chip EO pumps with cell 
culture systems was investigated.  EO pumps were fabricated on 
chip with photopolymerized gel salt bridges. A microfluidic 
network design was proposed where the cells are cultured in the 
pressure driven region of the EO pump so that the electric field 
does not pass through the cell chamber. Due to the high salt 
content of cell culture medium several problems with EO 
pumps are magnified. Attempts to solve these problems 
included reducing electrolysis by using large extended 
reservoirs and a well buffered electrode solution, surface 
modifications to increase the zeta potential and constant current 
operation mode. The pump performance was characterized by 
determining the flow rate vs. applied current. Preliminary tests 
with gill cells showed that the EO pump was able to maintain 
perfusion while not harming the cells; however, the pump was 
only able operate for a relatively short period of time in terms 
of continuous perfusion. 
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